To compare methods to estimate the incidence of visual field progression used by 3 large randomized trials of glaucoma treatment by applying these methods to a common data set of annually obtained visual field measurements of patients with glaucoma followed up for an average of 6 years.
A
UTOMATED static threshold perimetry is a widely used means of monitoring visual field loss in patients with glaucoma. Several analytic methods for identifying patients with visual field progression and estimating the rate of progression have been proposed, but there is no general agreement about which of these approaches is most sensitive and specific for detection of visual field loss. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] The problem of how to select an optimal method of visual field analysis is exacerbated by the lack of a criterion standard for what constitutes visual field progression. Detection of visual field progression is important not only for clinical practice but also for randomized trials of glaucoma treatment, in which a major outcome is visual field progression. Several ongoing clinical trials use different analytic strategies for detecting progression. Because the eligibility criteria and the type of treatment comparisons vary across trials, it will be difficult to compare the rates of progression from one trial to another. In this study, we apply the analytic methods used by each of 3 large randomized clinical trials of glaucoma treatment to a common data set to better identify differences (or similarities) between these methods that might provide insight into how to compare the results of the trials regarding their visual field outcomes.
The Advanced Glaucoma Intervention Study (AGIS) uses a scoring system to grade the severity of field loss at any one point in time. The score is based on the extent of depression at different locations in the Program C-24 (Humphrey Instruments, San Leandro, Calif) field test found in the total deviation plot. [15] [16] [17] [18] The score ranges from 0 to 20 on an integer scale, with 0 being no field loss and 20 being end-stage disease. A "reliability" score is also used to assess the quality of the visual field test. Information about the number of presentations, the catch trial responses, and short-term fluctuation is used to calculate a score that ranges from 0 to 7, with 7 being extremely unreliable. In the AGIS, 2 preintervention tests are done no more than 60 days apart-the first to determine eligibility (the score must be between 1 and 16, and the reliability score must be Ͻ3, or the test must be repeated) and the second as a baseline for subsequent field tests without the eligibility constraints of the first test (except for reliability). Progression of visual field loss is defined as an increase from the baseline reference score of 4 or more confirmed by 2 consecutive, reliable tests. The score change of 4 or more was derived from baseline data from the AGIS, in which only 5% of participants had a score deterioration of 4 or more between 2 tests taken 1 to 6 weeks apart. 15 The Collaborative Initial Glaucoma Treatment Study (CIGTS) also uses a scoring system 19 but is based on P values obtained from the total deviation plot rather than on the actual decibel deviations from age-matched control subjects used by the AGIS. A score from 0 through 4 is assigned to each location based on how small the P value is at that location and on how small the P values of its neighbors are. Based on 52 locations in the Program C-24 test (excluding the 2 locations above and below the blind spot), the sum of the scores ranges from 0 through 208. The score is then standardized to range from 0 through 20 by dividing it by 10.4. The CIGTS also has a reliability score that is the same as that for the AGIS except that it does not include the number of presentations and hence has a maximum score of 6 rather than 7. A test is considered reliable if the score is less than 4. All unreliable tests must be repeated. For eligibility, 2 baseline visual field measurements must be reliable and out-
CLINICAL SCIENCES

MATERIALS AND METHODS
Using a common data set of annual visual field measurements of patients with glaucoma, the incidence of visual field progression was calculated for each approach taken by 3 National Eye Institute-sponsored clinical trials. The common data set was obtained from patients enrolled in the Glaucoma Screening Study, a natural history study of risk factors for glaucoma at the Wilmer Institute, Johns Hopkins School of Medicine, Baltimore, Md, from 1981 through 1993, sponsored by the National Eye Institute. 21, 22 A diagnosis of primary open-angle glaucoma was made by 1 of 4 study ophthalmologists during a comprehensive eye examination performed according to study protocol. All patients also had a history of elevated intraocular pressure (Ͼ21 mm Hg) documented on at least 2 occasions before treatment. Treatment during the trial was determined by patients' ophthalmologists rather than by study investigators. Patients underwent annual automated perimetric testing using Program 30-2, stimulus size III, and the full threshold strategy of the Humphrey Field Analyzer administered by trained technicians using the study protocol. 23 Stereoscopic color photographs of the optic disc were taken annually, and vertical and horizontal cup-disc ratios were read by 2 ophthalmologists with reasonable agreement. 24 To be eligible for this visual field analysis, the eyes of study patients had to have their first 2 study field values outside normal limits on the Glaucoma Hemifield Test, a minimum of 5 years of follow-up, and at least 6 field tests. 10 If a patient had a visual acuity worse than 20/100 in either eye, that eye was excluded. A total of 67 eyes of 56 patients met these criteria.
Two fellowship-trained glaucoma specialists (N.C. and D.S.F.) masked to results of the statistical analysis of visual field progression reviewed the visual fields of all patients in their temporal sequences. Clinicians were not provided with any other clinical information about the patients. Each sequence was classified as "definite progression," "possible progression," "stable," "improved," or "too unreliable to assess." The standard Humphrey printouts for each visual field test were provided but the Glaucoma Change Probability printouts were not. After independent review, the differences in ratings between clinicians were adjudicated to produce a "clinical" assessment of visual field progression. Kappa statistics were calculated to assess agreement between clinicians. For comparison with the statistical methods of progression, definite progression was defined as clinical progression. All other categories were classified as "no progression." For clinical assessment of "improvement," both clinicians had to agree that the field test results had improved.
The 3 clinical trial methods for identifying eyes (and patients) that demonstrate progressive visual field loss were applied to the data set of patients from the Glaucoma Screening Study. In this study, field testing was performed annually so that confirmation of progression used tests done 1 and 2 years after initial progression was detected. The reliability criteria were applied to each method as described in the different trial manuals and publications. If a field measurement was considered "unreliable," the next available reliable test result was substituted. Because all methods required at least 2 field tests to determine eligibility and baseline, the number of field test results available for follow-up was the same for all methods. The only exception to this was if there were unreliable field tests that would be discarded by one method that were not discarded by another method.
The incidence of visual field progression was estimated for each method using all 67 eyes of 56 patients, and the overlap between the 3 methods was identified with a Venn diagram. The incidence rates for the 3 methods were also compared with that of the adjudicated clinical assessment and with changes in the vertical cup-disc ratio obtained from color photographs. An additional estimate of progression excluded patients who would not have been eligible for each of the trials. Analyses were done by eye and by patient (progression in either eye defined the patient as having progression). The prevalence of improvement was also estimated by applying the same definitions as those used for deterioration but in the opposite direction. For example, improvement in the AGIS would mean that the score decreased by at least 4 from baseline, as confirmed on 2 subsequent consecutive tests.
Written informed consent for participation in the Glaucoma Screening Study was obtained from each patient. Ethical approval for that study was provided by the Joint Committee on Clinical Investigations of Johns Hopkins School of Medicine. For this study, only secondary analysis was done with computerized records that did not include personal identifiers. For this reason, the Committee on Human Research of Johns Hopkins School of Hygiene and Public Health determined that the study was exempt from further ethical review.
side normal limits on the Glaucoma Hemifield Test (Humphrey Instruments). In addition, there must be at least 3 contiguous locations on the total deviation plot with PϽ.02, and if the contiguous points are on the nasal side, they cannot cross the horizontal meridian. The scores from the 2 baseline field measurements are averaged to form the baseline against which subsequent tests are compared. If the scores are more than 7 apart, the test is repeated and the median score of the 3 tests is used. Progression of field loss is defined as an increase from the baseline score of 3 or more confirmed by 2 additional consecutive tests.
Patients in the Early Manifest Glaucoma Treatment study (EMGT) are tested using the Program 30-2 at 3-month intervals. Eligibility is based on an initial screening, 2 postscreening visits, and 2 baseline visits, all with field testing. The 2 baseline field values must be outside normal limits on the Glaucoma Hemifield Test, and the defects at each examination must be in the same sectors. The average of the 2 baseline field measurements are compared with those of subsequent tests using Glaucoma Change Probability Maps (Humphrey Instruments) based on pattern rather than on total deviation. Use of pattern deviation maps is thought to produce fewer changes because of cataract progression over time. 20 Progression of glaucoma is considered to have occurred if there is statistically significant deterioration (PϽ.05) on Pattern Deviation Change Probability Maps in at least 3 locations, which do not have to be contiguous. This significant deterioration must then be confirmed on 2 consecutive tests. Confirmation means that the identical locations must demonstrate significant deterioration on 2 subsequent consecutive tests. Locations above and below the blind spot are included in the analysis of progression. Tests noted as having a sensitivity that is too high are excluded from the assessment of progression.
RESULTS
The mean ± SD age of the 56 patients was 62.0 ± 10.4 years, and 45% were black. Follow-up ranged from 5 to 9 years (median, 6.3 years). The number of field tests per eye ranged from 6 to 14 (median, 7). At baseline, 85% of patients were taking medication for glaucoma and 27% had undergone previous laser or filtering surgery. Thirty-four percent of patients underwent glaucoma surgery during follow-up, 9% underwent combined cataract and filtering procedures, and 6% underwent cataract surgery only. The average vertical cup-disc ratio of these patients was 0.62 at the time of the baseline field test.
The prevalence of unreliable field tests was 4% and 1% using the AGIS and CIGTS definitions, respectively. One percent of field measurements were not used in the EMGT analysis because they had abnormally high sensitivity. The prevalence of catch trial responses of 50% or more was 4% for fixation losses, 1% for false-positive responses, and 2% for false-negative responses. The average mean deviation at baseline was −7.43 dB, and the average corrected pattern SD was 7.09 dB. Based on the classification of Hodapp et al, 25 28% had early defects, 30% had moderate defects, and 42% had severe defects. Agreement between the 2 clinicians using all categories (definite, possible, stable, improved, and unreliable) was substantial, with a weighted statistic of 0.69 (95% confidence interval, 0.53-0.85) and 81% agreement. Agreement using only 2 categories-definite and no progression-was almost perfect, with a of 0.87 (95% confidence interval, 0.63-0.99) and 96% agreement. Clinicians agreed that 5 eyes (8%) had a sequence of field tests that were too unreliable to classify progression. These were included in the no progression category for purposes of estimating the incidence of progression.
The incidence of progression among patients was 11%, 22%, and 23% using the AGIS, CIGTS, and EMGT methods, respectively ( Table 1) . Clinical assessment produced identical incidence rates to that of the EMGT method. The incidence by eye was slightly lower than by patient for each method. The incidence of improvement was 4%, 0%, and 11% using the AGIS, CIGTS, and EMGT methods, respectively. The incidence of improvement was 11% based on clinical assessment. Five eyes (8%) of 5 patients (9%) were identified by all 3 statistical methods as having visual field progression (Figure) . Clinical assessment also identified these 5 patients as having significant progression.
The 5 patients who were considered to have progressed by all 3 methods were first identified as having progressed by the AGIS and CIGTS methods at the same clinic visit; the EMGT method identified these same 5 patients an average of 14 months earlier. Each patient was identified by the EMGT method at least 1 year earlier than by the other 2 methods.
Based on AGIS eligibility criteria, 6 eyes (9%) of 6 patients (11%) who met Glaucoma Screening Study eligibility criteria would have been excluded. Two patients were excluded because they had baseline scores of 18 and the remainder because they had scores of zero. Eleven eyes (16%) of 10 patients (18%) would have been ineligible for the CIGTS. These patients all had 2 field values outside normal limits on the Glaucoma Hemifield Test, but they failed eligibility because they did not have at least 3 contiguous locations with P values less than .02 on the total deviation plots. All patients would have been eligible for the EMGT because of our criteria for selection. The exception to this was the requirement that the abnormality on the Glaucoma Hemifield Test be in the same sector on 2 occasions. Because the Humphrey printouts do not provide this information, we attempted to infer it from the available data in the probability maps. This process did not yield any exclusions.
After excluding patients who did not meet the specific eligibility criteria for each study, the incidence of progression was 12%, 26%, and 23% and the incidence of improvement was 2%, 0%, and 11% using the AGIS, CIGTS, and EMGT methods, respectively. These rates are comparable to those calculated without regard to eligibility.
Each method was compared with the adjudicated clinical findings ( Table 2) . Based on the statistics, agreement was fair for the EMGT and AGIS and moderate for the CIGTS using the rating of Landis and Koch. 26 The CIGTS had a slightly higher value than the other 2 methods, but there was no statistically significant difference between the 3 values. Although the incidence rates for the CIGTS and EMGT were comparable to that of clinical assessment, about half the eyes identified were from different patients.
The EMGT method of identifying visual field progression was in fair agreement ( = 0.30; 95% confidence interval, 0.06-0.54) with an increase in vertical cup-disc ratio of 0.1 or more from baseline to final examination ( Table 3) . No agreement was seen between AGIS and CIGTS methods and cup-disc ratio changes. There was also no agreement between the clinical assessment and change in cup-disc ratio ( = −0.07). Mean changes in cup-disc ratios among eyes that progressed were 0.002, −0.007, and 0.043 for the AGIS, CIGTS, and EMGT, respectively. The mean change among eyes considered to have progressed by clinical assessment was 0.014.
COMMENT
The 3 methods of classifying visual field progression are based on different principles. The AGIS uses the absolute deviations from age-matched control subjects to score the severity of the field, whereas the CIGTS uses P values rather than absolute differences and smooths the score by averaging P values surrounding each location. This should lead to lower intraperson variability of the scores, but this was not the case. 10 However, in this analysis, the apparent rate of progression was higher in the CIGTS than in the AGIS, while producing a lower rate of improvement, which would suggest that the misclassification is lower with this method. The EMGT method uses P values to compare individual locations to see if they have deteriorated and requires deterioration in the same locations on at least 3 occasions. This seems strict, but it produced the highest rate of progression of the 3 methods. If the rule of any 3 locations deteriorating were replaced by 3 contiguous locations, the rate would have been 12% of patients progressing (12% of eyes), so a contiguity requirement would halve the incidence of pro- *Abbreviations are explained in the footnote to Table 2 .
gression, making this rate comparable to that of the AGIS method. The advantage of these comparisons is that the methods are applied to the same patient mix (distribution of disease severity). This eliminates the problem of not knowing whether differing progression rates across trials are caused more by disease severity in the population than by the analytic method of estimating progression. The disadvantage is that differences in eligibility criteria can only be taken into account by removing different patients from the full data set, reducing the advantage of using the common set of patients to compare methods. However, an analysis in which visual field eligibility criteria were used produced comparable progression rates to those found using the full data set. This study did not attempt to estimate what the incidence of field loss might be in the individual trials because the patient mix may be different because the trials have other entry criteria that are unrelated to visual field characteristics. For example, the AGIS study 17 has a 5-year incidence rate that is somewhat higher than what we estimated in our patient population.
Another aspect of this analysis that does not directly mimic the trials is that the field tests used here were spaced 1 year apart, and because there were no "confirming" field tests, the next annual field test had to serve that purpose. This should not affect the comparison of progression rates across study methods. However, the most likely effect this would have would be to increase the time to progression for each of the 3 methods equally because they all require 2 confirming field tests after initial identification of progression. Hence, the incidence of and time to progression seen in this study may be an underestimate of what the trials would observe with the same patient mix in the same time period.
The rate at which patients "converted" was 2% for the AGIS, 4% for the CIGTS, and 4% for the EMGT per year. If one uses an increase in AGIS score of 3 or more (as used by the CIGTS), the rate of progression would be 3% per year, comparable to the CIGTS rate, with 69% agreement. This implies that a major difference between these 2 methods is the increase in score required to define progression. Using the same data set, progression based on statistically significant linear regression of any 1 of the corrected pattern SD, Glaucoma Hemifield Test sectors, or individual locations resulted in 33% of patients classified as having visual field deterioration over 6 years. 10 If one assumes that improvement in the visual field did not occur over an average of 6 years, one can use the improvement rates as a measure of misclassification of the method if these are examined relative to the "deterioration" rates. Although it is possible to have a learning effect that might explain the improvement, this is less likely with these data because eligibility was based on 2 abnormal visual field test results, and this has been shown to produce subsequent field tests with low rates of improvement over time. 27 The AGIS method has relatively low rates of progression and improvement, whereas the EMGT method had higher rates of progression and improvement. The CIGTS method has a rate of progression similar to that of EMGT, but no eyes were classified as improving by the CIGTS method. This implies that the EMGT method is likely more variable than the AGIS and CIGTS methods with regard to classification of progression. With the EMGT method, eyes can be classified as having both deterioration and improvement in different areas of the field. This was the case with 2 of 6 eyes classified as having improved by the EMGT method.
The earlier time to progression and the higher rate of improvement seen with the EMGT method implies that this method is detecting smaller changes earlier than the other 2 approaches. Given the nature of the EMGT, in which patients with mild visual field damage are randomized to treatment or no treatment, a method that is more likely to detect small changes (even if it is at the expense of some misclassification) is important in ensuring that patients who truly do progress are identified and treated in a timely manner.
In the absence of a criterion standard, it is difficult to assess which of these methods is "better" in terms of classifying progression. Werner et al 2 showed that there was poor agreement between clinicians and that agreement between different statistical analyses was much better than between clinicians. We found excellent agreement between clinicians (trained in glaucoma treatment at different institutions), but only fair to moderate agreement between the statistical methods and the clinical assessment, with no particular method correlating better with the clinical assessment than the other methods. The EMGT method of identifying visual field progression was in fair agreement with increases in vertical cup-disc ratios, whereas there was no agreement with the other 2 methods. If one uses the clinical assessment as the criterion standard, then sensitivity was 36%, 50%, and 57% and specificity was 96%, 91%, and 87% for the AGIS, EMGT, and CIGTS, respectively. These findings make it difficult to identify one method as having clear validity over the others. These data suggest that other measures of progression of glaucomatous optic nerve damage in clinical trials will be important in evaluating the trial results.
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